Lectins are proteins with ability to bind reversibly and non-enzymatically to a specific carbohydrate. They are involved in numerous biological processes and show enormous biotechnological potential. Among plant lectins, the hevein domain is extremely common, being observed in several kinds of lectins. Moreover, this domain is also observed in an important class of antimicrobial peptides named hevein-like peptides. Due to higher cysteine residues conservation, hevein-like peptides could be mined among the sequence databases. By using the pattern CX(4,5)
Introduction
Lectins are peptides or proteins that have at least one domain with ability to bind reversibly and non-enzymatically to a specific carbohydrate, which could be mono-or oligosaccharide [12, 45] . Therefore, lectin protein families can be found in plants [6] , animals [53] , fungi [25] and bacteria [32] , being observed at subcellular levels in membranes and cell secretions [12] .
Lectins can be divided into three subtypes: merolectins, hololectins and chimerolectins. This division is related to the number of carbohydrate binding-domains. Merolectins are composed of a single carbohydrate binding domain and are unable to precipitate glycoconjugates or cause cell agglutination [45] . Hololectins are exclusively composed of carbohydrate binding domains, containing two or more domains and being able to agglutinate cells and/or precipitate glycoconjugates [45] . Finally, chimerolectins are characterized by one or more carbohydrate binding domains and an additional domain responsible for another biological activity (e.g. chitinase activity) [45] .
Due to lectins' functional plasticity, they are involved in numerous biological processes including defense against pathogens, symbiosis and cell signaling [12] . Among pathogen defense functions, lectins can perform bactericidal [40] , fungicidal [40, 64] and antiviral activities [39] . Indeed, lectins have an enormous potential for developing novel drugs, pesticides and/or transgenic organisms, since they can bind specifically to carbohydrates normally absent in vertebrates and plants, such as chitin or the bacterial cell wall peptidoglycan carbohydrate. Furthermore, by chitin targeting, several pests can be tackled, since chitin is the main component of the fungal cell wall and also of the exoskeleton of invertebrates, such as nematodes and insects [20, 43] .
Among the lectins, the hevein domain is extremely common, being found in chimerolectins, hololectins and merolectins ( Fig. 1 ) [7] . The name 'hevein' was proposed by Archer in 1960 [4] , when the first peptide with this domain was isolated from the latex of the rubber tree (Hevea brasiliensis). This domain is rarely found in proteins that do not belong to the plant kingdom. As an exception, a protein containing an hevein domain from the phytopathogenic Fig. 1 . General architecture of lectins containing the hevein domain [7] . The blue boxes indicate the hevein-domain and the orange box a chitinase domain. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
fungus Magnaporthe grisea was identified by Kamakura et al. [29] (GenBank ID: BAB79692.1). The overall hevein domain structure is composed of an anti-parallel ␤-sheet and occasional short helices; the scaffold is stabilized by three to five disulfide bonds [40, 64] . This structural framework exposes four amino acid residues (one serine and three aromatic) involved in chitin-binding and related oligomers [40, 64] . The amino acid residues involved are arranged as follows, X i -X i+2 -X i+4 -X i+11 , where the residue X i is normally a serine residue and X i+11 , a tyrosine residue; X i+2 and X i+4 are normally an aromatic residue. The residues in X i+2 and X i+4 stabilize the complex through CH-stacking. If the residues in X i+2 and X i+4 are tyrosine or tryptophan, they also contribute through hydrogen bonds [10] .
Although the mechanism of action of hevein-like peptides has not been completely elucidated, it is known that hevein-like peptides are able to inhibit the development of chitin-containing fungi [37, 40] . This fungicidal activity has been related to its chitinbinding domain, where the cell wall elongation is retarded or stopped after the chitin-binding step. In addition, some peptides are also able to inhibit chitin-free fungal and/or bacterial development, as these activities are related to their cationic and amphipathic surface, which could interact with negatively charged membranes of target pathogens [40, 64] . In order to improve plant resistance to phytopathogenic fungi, hevein-like peptides have been expressed in tobacco [33, 52] , tomato [31] and Arabidopsis plants [51, 52] .
These peptides can therefore be included in the selective class of promiscuous peptides, where a peptide or a peptide family can have multiple activities under different environmental conditions [16] . In the case of family promiscuity, the multiple functions are related to different exposed residues in the same scaffold, which in turn are stabilized by their disulfide bonds [16] . Due to the conservation of disulfide bonds, these classes are good targets for mining protein databases. This kind of approach has been applied to cyclotides [42] and defensins [65] and has revealed novel aspects about them. Identification of novel hevein-like peptides may bring to light new possibilities for their use as well as knowledge about their functions. To this end, this work reports the identification of novel hevein-like peptide precursors through computational methods. Sequences from plants and also from a phytopathogenic fungus were identified and their structures and possible functions were predicted. The results presented here may also suggest new prospects for hevein domain interactions that are applicable to chitin studies.
Materials and methods

Data set construction
The data set of hevein-like peptides was constructed by using an automatic search system. Briefly, the system here proposed runs the Blast software [2] , reads its output, gets the retrieved sequences and subsequently runs Blast once more with these retrieved sequences. This process was repeated until no novel sequences were obtained, as described by Zhu [65] with minor modifications. Additionally, the system was set to filter fragments and sequences larger than 130 amino acid residues. The initial sequence used for searching was the Ac-AMP2's precursor, identified from Amaranthus caudatus [9] (UniProt ID: P27275), since it has antimicrobial and antifungal activities. The search was performed in SwissProt database [56] . The final data set was manually curated, selecting only the sequences annotated as fungicidal.
Pattern definition and regular expression search
The software Pratt 2.1 [27] was used for pattern identification into the hevein-like data set, using the default parameters (number of consecutive wild cards, maximum number of flexible spacers and maximum number of consecutive wild cards set to five, two and two, respectively). The pattern with the highest fitness value was used for searching against NCBI's non-redundant protein database (NR), through regular expressions and PERL scripts. The script was set to select sequences annotated as hypothetical, unnamed and/or unknown proteins, restricting the maximum size to 130 amino acid residues. However, no sequences were obtained. Therefore wild cards were introduced into the pattern, mixing it with the chitinbinding motif from Prosite (Prosite ID: PS00026), generating a more generalized arrangement, and the search through regular expression was done again.
Sequence analysis
The sequences found by regular expression search were further submitted to Phobius [28] and SignalP 4.0 [44] for identification of signal peptides. Subsequently the signals were removed and the mature sequences were submitted to InterProScan [47] for domain identification, the largest domain signature was chosen as the actual domain. The antimicrobial activity was predicted by a support vector machine (SVM) specific to cysteine stabilized peptides [46] and also by Collection of Antimicrobial Peptides (CAMP) algorithms [57] . In addition, a multiple alignment was constructed by ClustalW [58] , for verifying the similarities among the sequences.
Molecular modeling
The LOMETS server [63] was used to find the best template for comparative modeling. In addition to the template indicated by LOMETS, the hevein-32 structure (HEV32, PDB ID: 1T0W) [1] was also used as a template, since it was solved in complex to N,N,N-triacetylglucosamine ((GlcNAc) 3 ). The inclusion of this additional structure allows to identify the binding position of (GlcNAc) 3 without docking experiments. Therefore, two thousand theoretical three-dimensional models were constructed through Modeller 9.10 [14] . The (GlcNAc) 3 's atoms were imported by setting as true the property io.hetatm from the class environ from Modeller 9.10. The final model was selected according to the discrete optimized protein energy (DOPE) scores. This score assesses the energy of the model and indicates the best probable structures. If necessary, an additional energy minimization with two thousand cycles of steepest descent using the GROMOS96 implementation of SwissPdbViewer [17] was performed. The model with the best DOPE score was evaluated through PROSA II [61] and PROCHECK [35] . PROCHECK checks the stereochemical quality of a protein structure, through the Ramachandran plot, where good quality models are expected to have more than 90% of amino acid residues in most favored and additional allowed regions. PROCHECK also gives the G-factor, a measurement of how unusual the model is, where values below −0.5 are unusual, while PROSA II indicates the fold quality.
The electrostatic surface was calculated through APBS [5] . Surface potentials were set to ±5 kT e −1 (133.56 mV). Structure and surface visualization were done in PyMOL (The PyMOL Molecular Graphics System, Version 1.4.1, Schrödinger, LLC). Additionally, structural alignments were performed for verifying the structure similarities among the identified sequences through Dali Lite [18] and for verifying the similarities to structures deposited on PDB through Dali Server [23] . The assessment of structural alignments was done through Z-Score. A structural alignment with Z-Score higher than 2 may be considered significant.
Molecular dynamics
The molecular dynamics simulations (MD) of the peptide-(GlcNAc) 3 complexes were carried out in water environment, using the Single Point Charge water model [8] . The analyses were performed by using the computational package GROMACS 4 [22] . The dynamics utilized the tridimensional models of the peptide-(GlcNAc) 3 complexes as initial structures, immersed in water molecules in cubic boxes with a minimum distance of 0.7 nm between the complexes and the boxes frontiers. Chlorine ions were also inserted at the complexes with positive charges in order to neutralize the system charge. Geometry of water molecules was constrained by using the SETTLE algorithm [41] . All atom bond lengths were linked by using the LINCS algorithm [21] . Electrostatic corrections were made by Particle Mesh Ewald algorithm [11] , with a cut off radius of 1.4 nm in order to minimize the computational time. The same cut off radius was also used for van der Waals interactions. The list of neighbors of each atom was updated every 10 simulation steps of 2 fs. The conjugate gradient and the steepest descent algorithms -2 ns each -were implemented for energy minimization. After that, the system underwent into a normalization of pressure and temperature, using the integrator stochastic dynamics -2 ns each. The systems with minimized energy, balanced temperature and pressure were carried out using a step of position restraint, using the integrator molecular dynamics -2 ns. The simulations were carried out at 300 K in silico. The total time for each ensemble simulation was 50 ns. The MD simulations were analyzed by means of root-mean-square deviation (RMSD), rootmean-square fluctuation (RMSF) and number of hydrogen bonds that kept the complex stable along the simulation.
Results
Initially, by using the automatic search system, thirteen sequences were retrieved from SwissProt database. Due to the presence of hevein domains in other lectins which are not hevein-like peptides, the automatic search system was set to avoid sequences longer than 130 amino acid residues, ensuring the selection of hevein-like peptides. However, from the thirteen sequences, ten sequences showed the hevein domain. The other three sequences were removed from further analysis. Among the sequences containing the hevein domain, nine showed similarities to merolectins and only one was similar to hololectin. Among the merolectins, eight sequences were annotated as fungicidal peptides. These data are summarized in Table 1 .
The eight fungicidal sequences were used for pattern recognition. The best generated pattern was C
[GNP][ANS]X[LM] CC[GS]X[FWY]G[FWY]CGX[GST][ADNP]XYC[GS]X[AGS]
with a fitness of 61.5531, where an amino acid between brackets indicates that the position can be filled up by one of them; 'X' indicates a wild card, which can be filled up by any of 20 natural amino acid residues. The other generated patterns were redundant or did not have the cysteine residues in conserved positions (data not shown). However, no sequences were retrieved from the regular expression search for uncharacterized sequences into NR. From this information, a more generalized pattern was proposed, by adding some wild cards and mixing it with the chitin-binding motif from Prosite (ID PS00026), generating the pattern CX (4, 5) 
where the numbers between brackets indicate the number of repetitions of the prior character (i.e., 'X(4,5)' means that 'X' can be repeated four to five times). Using this new pattern, five uncharacterized sequences were obtained from NR. Due to the typical cysteine pattern and the presence of conserved residues, probably involved in chitin interactions, these sequences fall into the class of hevein-like peptides.
Initially, the sequence CBI18789 (GenBank ID: CBI18789) obtained from Vitis vinifera was found. This sequence shows 104 amino acid residues, of which the first 50 compose a signal peptide, according to Phobius and SignalP. The mature peptide has 54 amino acids. InterProScan indicates that the chitin-binding domain is present between residues 1 and 44 from the mature sequence. The ten remaining amino acids compose a short hydrophobic tail. The LOMETS server indicates that the best template for this sequence is the structure of pokeweed lectin-C from Phytolacca americana (PDB ID: 1ULK) [19] , which shares 44.44% of identity with CBI18789. Theoretical models were constructed by using the structures 1ULK and 1T0W (see Table 2 for validation parameters). The overall structure is composed of an anti-parallel ␤-sheet and two short ␣-helices, being stabilized by four disulfide bridges ( Fig. 2A ). The rigid model structure suggests that four residues are responsible for binding on (GlcNAc) 3 : SER 20 , TYR 22 , TYR 24 and TYR 31 (Fig. 2A) . The complex stability was evaluated through MD, where the affinity between the peptide and the (GlcNAc) 3 molecule was observed. During the simulations, the complex was maintained by at least one hydrogen bond, varying to two, three of four hydrogen bonds along the simulation (Fig. S1A) . This peptide undergoes a secondary structure loss (Fig. 3A) , with great structural modification indicated by the backbone's RMSD of 8Å (Fig. 4) . The great RMSD variation is related to the first 17 residues of N-terminal and to the last 9 from C-terminal, according to the RMS fluctuation (Figs. 4A and S2A ). However, as the structure is knotted by four disulfide bridges, the exposed residues are kept in positions where they can interact with (GlcNAc) 3 . Furthermore, the sequence EEE61250 (GenBank ID: EEE61250) was found from Oryza sativa. This sequence shows 122 amino acid residues and has a signal peptide comprising the first 23 residues according to Phobius and SignalP. The resulting mature peptide shows 99 amino acids. Additionally, this sequence shows a precursor organization similar to that observed for Ac-AMP2 and Ar-AMP (Fig. S3) , which have a propeptide after the hevein domain. Assuming that this sequence has the same post-translational modifications as Ac-AMP2 and Ar-AMP, the final mature sequence has 32 amino acid residues. InterProScan indicates that the chitin-binding domain covers the whole mature sequence. Their three-dimensional model is composed of an anti-parallel ␤-sheet and one short ␣-helix, is stabilized by three disulfide bridges (Fig. 2B) , and was constructed using the structure indicated by LOMETS 1ULK (71.88% of identity) in addition to 1T0W. Validation parameters are summarized in Table 2 . The rigid model structure suggests that five residues are responsible for binding on (GlcNAc) 3 : GLN 1 , SER 12 , TRP 14 , TYR 16 and TYR 23 (Fig. 2B) . As observed for the grape's peptide, the MD also indicates that this is a stable complex, being maintained by at least one hydrogen bond, and varying from one to six hydrogen bonds (Fig. S1B ). The peptide structure shows the backbone's RSMD of 3Å (Fig. 4) and does not lose the secondary structure, gaining instead an additional ␤-strand (Fig. 3B) . This assumption was confirmed by a slight RMS fluctuation at the C-terminal (Figs. 4 and S2B) .
Two sequences from Selaginella moellendorffii were retrieved, XP 002962191 (GenBank ID: XP 002962191) and XP 002973523 (GenBank ID: XP 002973523). XP 002962191 is 125 amino acids long, while XP 002973523 showed a length of 64 residues. A signal peptide was predicted in XP 002962191 covering the first 28 residues, resulting in a mature peptide with 97 amino acid residues. As well as the rice's peptide, this sequence may have a precursor organization similar to that of Ac-AMP2 and Ar-AMP. However, no similar cleavage sites have been observed among them. Therefore, XP 002962191 was removed from analysis, avoiding wrong conclusions. In contrast, the sequence XP 002973523 probably belongs to the hevein-like class. This sequence has a predicted signal peptide comprising the first 23 residues, resulting in a 41 amino acid long mature peptide. InterProScan indicates that the chitin-binding domain covers the whole mature sequence. The LOMETS server indicates that the best template for this sequence is the structure of class I chitinase from O. sativa (PDB ID: 2DKV) [30] , that shares 46.34% of identity with XP 002973523. This model was submitted to an additional energy minimization, in order to stabilize the disulfide bond between CYS 5 and CYS 17 , since their sulfur atoms were distant by 2.2Å, being the 2Å correct distance for disulfide bond formation. The overall structure is composed by an antiparallel ␤-sheet and one short ␣-helix, being stabilized by four disulfide bonds (Fig. 2C) . Table 2 summarizes the validation data of the three-dimensional model. The rigid model structure suggests that three residues are responsible for binding on (GlcNAc) 3 : SER 18 , PHE 20 , TYR 22 and TYR 29 (Fig. 2C) . The complex is stabilized by three hydrogen bonds during the most of MD time, varying to zero to six hydrogen bonds (Fig. S1C ). In this case, when the complex has no hydrogen bonds, it is stabilized by through CH-stacking. This structure has a low backbone's RMSD variation, only 2.2Å, indicating that it is very stable (Fig. 4) . In the final structure, a short ␤-hairpin is observed (Fig. 3) . The RMS fluctuation indicates a major fluctuation of two active residues PHE 20 and TYR 22 (Figs. 4 and S2C) .
From the phytopathogenic fungus Phaeosphaeria nodorum the sequence XP 001804616 (GenBank ID: XP 001804616) was retrieved. This sequence is 58 amino acids long and the first 20 residues are predicted as a signal peptide. InterProScan indicates that the chitin-binding domain covers the whole mature sequence, which has 38 amino acid residues. Interestingly, XP 001804616 lacks two cysteine residues that are involved in different disulfide bond formation (Fig. 5) . Thus, only two disulfide bridges would be correctly formed. However, in preliminary molecular models, the free cysteine residues are close to each other, indicating that an additional disulfide connection could be constructed (data not shown). Therefore, the molecular models were constructed including the third disulfide bridge, using the structures 1ULK (indicated by the LOMETS server, 44.74% of identity) and 1T0W. Due to the different disulfide bonding pattern, the model of the XP 001804616 mature sequence seems to be more unstable than the previous models, showing only one short ␣-helix, lacking the anti-parallel ␤-sheet (Fig. 2D) . Despite these differences, the rigid molecular model suggests that four residues are responsible for binding (GlcNAc) 3 : SER 19 , ASN 21 , TYR 23 and TYR 30 (Fig. 2D) . Even with these differences, the validation parameters are similar to the other three models (Table 2 ). This complex was also stable during the MD, being stabilized by one, two or three hydrogen bonds, in the major Fig. 5 . Multiple alignment of hevein-like peptides here proposed. Conserved and semi-conserved residues are gray highlighted; the cysteine residues are in yellow and the cysteine residues that make the unusual bond of XP 001804616 (P. nodorum) are highlighted in orange. The residues responsible for interaction with (GlnNac)3 are star marked. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) part the time. However, the absence of hydrogen bonds can be observed several times in the interval of 4.5 and 10 ns (Fig. S1D) , where, actually, the hydrogen bond is made and undone, until the complex reach to stabilization. For this complex, the backbone's RMSD had increased in 4.1Å (Fig. 4) . A gain of secondary structure was observed, since the ␤-sheet that was lacked in the rigid model is formed (Fig. 3D) . The RMS fluctuation indicates that the RMSD variation is caused mainly by the N-terminal loop (Figs. 4D and S2D), which is more unstable, due to the absence of a disulfide bridge.
Multiple sequence alignment (Fig. 5) shows that the residues that interact with chitin in the models are in the same position within the alignment. The alignment also shows that there is a size variation before the second cysteine residue. Moreover, it shows that the sequences from plants are more similar among themselves than in relation to the sequence from P. nodorum. In addition to sequence alignments, structural pairwise alignments were also carried out. The most similar three-dimensional models were CBI18789 (V. vinifera) and XP 002973523 (S. moellendorffii) with a Z-Score on Dali of 7.2. The most different ones were EEE61250 (O. sativa) and XP 002973523 (S. moellendorffii) with a Z-Score of 3.6. The structural pairwise alignment results are summarized in Table 3 . The structural alignments against the whole Protein Data Bank indicate that the four sequences here reported are related to other lectins with the hevein domain (Fig. S4 ). The models of CBI18789 (V. vinifera) and XP 002973523 (S. moellendorffii) are more similar to their own templates, the lectin PDB 1ULK and the chitinase PDB 2DKV, respectively. In the case of XP 001804616 (P. nodorum), agglutinin isolectin 1 was the most similar structure (PDB ID: 2UVO) [49] . Furthermore, in the case of EEE61250 (O. sativa), the hevein (PDB ID: 1Q9B) shows higher similarity [48] . Despite these sequence and structure differences, the four peptides were predicted to be antimicrobial peptides by the machine learning methods, both in the specific SVM for cysteine stabilized peptides and in the general methods from CAMP. However, by using CAMP's discriminant analysis, the mature sequence from EEE61250 (O. sativa) was negatively predicted, indicating that this peptide may not show antimicrobial activity. In addition, the electrostatic surfaces for each theoretical model were also calculated (Fig. 6 ). An amphipathic surface can be observed in all peptides here reported. Taking into account that the amphipathic surfaces are required for membrane interactions, it seems that they probably could interact with anionic membranes.
Discussion
By means of high throughput genome sequencing methods, the use of sequence databases emerges as a novel source for identifying biologically active molecules [54] . The availability of genome databases and their translations offers a remarkable information resource, revealing novel aspects about several classes of peptides and proteins. The data mining methods allow several sequences to be found simultaneously in diverse organisms. Both nucleotide and protein sequence databases are undeniably a source of biologically active molecules. Therefore, several methods have been proposed for exploring it, including artificial intelligence [15, 36, 46, 57] and similarity search methods [42, 54, 65] . The similarity search methods are more restricted for a determined class than the artificial intelligence ones. Nevertheless, similarity search methods can bring to light novel aspects about the distribution and/or evolution of an antimicrobial class.
The use of patterns for searching novel sequences is more useful for cysteine stabilized classes, since their structures are stabilized by disulfide bonds, which typify the class [54] . Thus, this method is appropriate in the search for novel hevein-like peptides in protein databases. However, a pattern first needs to be defined. Hence, the automatic search system was used for retrieving the hevein-like sequences, and subsequently these sequences were used for pattern recognition through Pratt 2.1. By means of the first generated pattern no novel sequences were retrieved by regular expression search. This first attempt failed due to the high pattern specificity, since it was constructed based on only eight sequences.
Therefore, a more generalized pattern was needed, in order to find the uncharacterized hevein-like peptides precursors in NR.
Among the five originally identified precursors, three of them (CBI18789 from V. vinifera, EEE61250 from O. sativa and XP 002962191 from S. moellendorffii) have sequences larger than the hevein domain. This feature had already been observed for the hevein-like precursors of Ac-AMP2 [9] , Ar-AMP [37] and WAMP-1 [3] . In fact, these sequences after the hevein domain are propeptides and are posteriorly cleaved, leaving the mature peptide. In the case of hevein-like peptides, the propeptides could be related to the evolution process which originated this class. Andreev et al. [3] have proposed that the WAMP-1 peptide emerges from a deletion of the catalytic domain of a chimerolectin (class I chitinase from plants). These three peptides with sequences after the hevein domain also show similarities to chimerolectins (data not shown), indicating that these sequences may be originated from a similar evolutionary process of WAMP-1. There are two other hypotheses involving the evolution of lectins with the hevein domain, which propose duplication or transposition of hevein domains, contrasting with Andreev et al. [3] . Wright et al. [62] have proposed that the consecutive duplication of hevein domains in the same gene generated the hololectins, and Shinshi et al. [50] have suggested that the transposition of an hevein domain into the gene of a chitinase generated the chimerolectins.
Presumably, these sequences after the hevein domain are remnants of the evolutionary process. In CBI18789 (V. vinifera), this sequence corresponds to a short hydrophobic tail. This tail does not generate great changes in structure and, probably, neither in protein function. In fact a transition of coil-to-␤-sheet was observed in MD, however, without influences in the binding to (GlcNAc) 3 (data not shown). In addition, there is no clear evidence that this tail is cleaved. Similarly, XP 002962191 from S. moellendorffii also shows an additional sequence after the hevein domain. Nonetheless, it is longer than CBI18789's tail and, in this case, there may be a structural or functional change if it is not cleaved. Hence, it was removed from the analysis, since clear evidence of cleavage was not observed. In contrast, EEE61250 (O. sativa) has a similar cleavage site to Ac-AMP2 and Ar-AMP, indicating that the additional sequence may be a propeptide. In this last case, besides the cleavage site, these sequences also share the same number of cysteine residues. The other two retrieved sequences have only the signal peptide and the hevein domain, without additional sequences after the hevein domain.
Although the biological activities have been not characterized yet, there are some indications of what they might be. The antimicrobial activity predictions were almost all positive, except in the case of EEE61250 (O. sativa), only negatively predicted by CAMP discriminant analysis. These predictions show that overall the properties of these sequences are similar to those from well-known antimicrobial peptides, such as hydrophobicity, net charge and secondary structure [46, 57] . Loose et al. [38] proposed that AMPs work as a formal language, analogous to a grammatical structure composed of several rules (patterns and motifs) and a vocabulary (amino acids). In this view, the positive predictions are probably due to the grammatical structure of chitin-binding motif, present in all putative mature sequences here reported.
Other evidence of their biological activities was drawn from molecular models in complex to (GlcNAc) 3 (Fig. 2) in addition to the molecular dynamics simulations. The proposed mechanism of action of fungicidal activity in hevein-like peptides is related to the inhibition of cell wall elongation. The molecular dynamics show that the four hevein-like peptides here reported can bind to (GlcNAc) 3 (Fig. S1 ). Among the sequences here reported, the sequence EEE61250 (O. sativa) seems to have the strongest fungicidal activity against chitin-containing fungi. The molecular model indicates that it interacts with chitin through five amino acid residues making six hydrogen bonds (Fig. 2B) . Besides, this sequence has aromatic residues identical to Pn-AMP2 [33] , one of the strongest hevein-like peptides already reported, which requires concentrations of 0.6-75 g ml −1 for 50% of inhibition of fungal growth. Following the same reasoning, the activity of CBI18789 (V. vinifera) would be similar to EAFP2 [24] , since their aromatic residues are identical. And for XP 002973523 (S. moellendorffii), the activity would be similar to Ac-AMP2 [9] . Nonetheless, for the peptide XP 001804616 (P. nodorum), there are no peptides with identical active residues. Otherwise, this peptide can also make four hydrogen bonds (Fig. 2D) . Moreover its hydrophobic interactions are reduced, since it lacks an aromatic residue. Taking into account the electrostatic surface, all peptides might interact with anionic membranes from chitin-free fungi and/or bacteria, since they have an amphipathic electrostatic surface (Fig. 6) . However, despite these indications, only in vitro tests can reveal their actual activities.
In fact, the most intriguing sequence is XP 001804616 (P. nodorum). Although the hevein domain was previously identified in the chimerolectin CPB1 from M. grisea and also the fact that this domain appears in other chimerolectins in databases [29] , XP 001804616 is the first report of a fungal hevein-like peptide, a merolectin. This peptide has two notorious differences when compared with plant hevein-like peptides. The first one is the absence of two conserved cysteine residues involved in two different disulfide bonds. Due to this absence, their pairs may make an unusual disulfide bridge (Fig. 5) . Jayanthi et al. [26] show, through molecular dynamics simulations, that the first and the last disulfide bridges in EAFP2 do not generate clear structural modifications. The molecular model from XP 001804616 also indicates similar structural process, since the overall folding is the same as others.
The second remarkable difference relies on the key residues involved in chitin-binding. Instead of one serine and three aromatic residues, fungal peptide has one serine, one asparagine and two aromatic residues. Interestingly, in CBP1 from M. grisea an aromatic residue is also lacking in the position X i+2 . Changes in the key residues may result in changes in the chitin affinity, the serine to aspartate mutation in HEV32 reduces the affinity to (GlcNAc) 3 by almost half [10] . This mutation in X i+2 is probably involved in its actual function. Although the predictions indicate that XP 001804616 (P. nodorum) has antimicrobial activity, it may be a virulence factor. The chitin-binding protein Avr4 form Cladosporium fulvum protects the chitin wall against hydrolysis by plant chitinases through its chitin-binding ability [59] . Chitin protection has also been proposed for several predicted proteins from M. grisea, with the pattern CX(5)CCX(7)C, related to chitin-binding proteins [13] . In addition, the CBP1 protein from M. grisea plays a crucial role in appressorium differentiation, a prerequisite for penetration into host plants [29] .
Naturally, a novel question about the evolution of hevein domains emerges, since the current propositions were made based only on hevein domains from plants. Do hevein domains have a common ancestor or did they arise by co-evolution? This question will remain unclear at least until more fungal proteins with hevein domains have been discovered. As novel fungal sequences are found, they may shed some light on the evolution and the mechanisms of chitin binding of the hevein domain. At least molecular models indicate that there are no clear differences among the structures of fungal and plant hevein-like peptides. The rigid model structures from the peptides here reported are very similar to each other (Table 3) and to other lectins with the hevein domain with solved structures (Fig. S4) . They also have a similar behavior in molecular dynamics simulations. Independently of the peptide, the hevein domain keeps its fold since the structure is knotted by at least three disulfide bonds. The hevein domain is so stable that when an elevated variation in the backbone's RMSD is observed (Fig. 4) , the RMS fluctuation is only improved on loop regions (Fig. S2) . Even when there is losing of secondary structure, as observed in CBI18789 (V. vinifera), the peptides keep interacting with (GlcNAc) 3 (Fig. S1 ). On the other hand, the greater difference between the hevein-like peptide from P. nodorum and the heveinlike peptide from plants is, in fact, the amino acid residues involved in chitin-binding: while in plants the framework X i -X i+2 -X i+4 -X i+11 is filled up by a serine followed by three aromatic residues, in P. nodorum it is filled up by a different amino acid residue in position X i+2 . The influence of this mutation in chitin binding ability is unclear.
Conclusions
In conclusion, data here reported indicate that searching for patterns in databases can produce new information about certain classes of proteins, in this case the hevein-like peptides. The NR database is almost a metaproteomics resource due to the diversity of sources of protein sequences deposited in it. Similarity search methods, including local alignment and regular expression search, are pivotal tools for exploring this source. Through these methods, novel hevein-like peptide precursors were identified, including one from a fungal source, a surprising result, since the hevein-like peptides were until now restricted to plants. This discovery was only possible because the search was made directly in NR. The peptides here identified can be used for construction of novel transgenic organisms with resistance to phytopathogenic fungi, as soon as their activities have been tested. Moreover, the discovery of a fungal hevein-like peptide in the present work raises a novel question about the hevein domain's evolution: did it arise from a common ancestor or by co-evolution? In addition, contrasting with the other three hevein-like peptides identified from plants, the function of the hevein-like peptide from P. nodorum is notoriously a mystery. Although the hevein-like peptides are involved in plant defense against microbes, what is their exact role in fungal biology? In fact, more hevein-like peptides from fungi need to be identified to allow further in vitro and in vivo characterization.
